Despite the benefits of HVAC equipment, this can produce structure-borne sound as well as air-borne sound. This sometimes causes vibration of the electrical and mechanical services (E&M) roof or floor that is high enough to make the spaces they serve unusable. Therefore, good acoustical design plays an important role in the design of HVAC systems. Although vibration isolators are usually employed to reduce the vibrational power transmitted from the machine to the E&M floor, the effect of floor mobility on the isolation efficiency is usually ignored by engineers. A great deal of vibrational energy can sometimes be transmitted to the E&M floor and emitted as noise to the room below. The aim of this paper is therefore to clarify the effect of floor mobility on the isolation efficiency of vibration isolators for HVAC equipment.
INTRODUCTION
There is increasing concern about the noise and vibration generated by HVAC systems in buildings in Hong Kong. Although sound levels in occupied spaces in new commercial buildings due to air-conditioning systems are nowadays calculated as a matter of routine, there are numerous hurdles in predicting structure-borne sound. Air-conditioning equipment such as air-cooled chillers are usually installed on the roof of buildings. Although the ASHRAE handbook 1 recommends that noise-sensitive areas should not be near or adjacent to electrical and mechanical (E&M) plant rooms, it is often unavoidable in Hong Kong. Since there are no agreed practical methods available for predicting the structure-borne sound, design engineers usually resort to their experience. In particular, there is no simple or universally agreed way of characterising the "noisiness" of equipment such as a compressor as a source of structure-borne sound [2] [3] [4] [5] [6] 13 . Although a number of investigators [7] [8] [9] have been trying to develop a prediction method for structure-borne sound, there are still no practical methods available for building services engineers to predict the sound levels in occupied space due to structure-borne sound from HVAC equipment.
In spite of this, structure-borne sound can be reduced by the installation of vibration isolators. The selection of vibration isolators is based on the disturbing frequency (i.e. the rotational speed of the motor) which is usually relatively low. As regards the selection of vibration isolators, transmissibility or isolation efficiency is usually adopted. The usual definition for transmissibility assumes that the floor is non-movable (i.e. floor mobility is zero). This cannot be the case when a large amount of vibrational energy is transmitted to the floor which in turn emits noise to the room below. The problem that motivated this study is therefore the occasional structure-borne sound problems created by HVAC equipment where vibration isolators have been used. This problem may be due to the fact that the effect of floor mobility is ignored in selection of the vibration isolators. In this paper, the effect of floor mobility on the isolation efficiency of vibration isolators will be therefore clarified theoretically.
SELECTION OF VIBRATION ISOLATORS Isolation efficiency and transmissibility
Referring to Figure 1 , the usual definition for (force) transmissibility through an undamped isolator 10 is
where F T = transmitted force through the spring into the surface of the floor 
where f n is the natural frequency given by: 
The vibration isolation model
General practice in the selection of vibration isolators in building services engineering HVAC system designers select equipment based on various design criteria. From the manufacturers' catalogue, they can obtain the net weight in kg of the equipment to which they usually add, say 20% safety factor. Based on the manufacturer's catalogue, a suitable static deflection of a vibration isolator is selected by the contractor according to the weight of the equipment provided by the consultant. The natural frequency can then be calculated from the static deflection in mm according to Equation (3). Based on the calculated natural frequency and disturbing frequency, the isolation efficiency can therefore be calculated and checked according to the usual definition shown in Equations (1) and (2) . The isolation efficiency is generally expected to be more than 90% (f d /f n > 3.3) under normal operating conditions. The general rule in practice is that the greater the static deflection , the lower the natural frequency f n of the system resulting in greater isolation efficiency of the spectrum of disturbing frequencies f d in which isolation occurs.
THEORY A simple vibratory system with a single contact point on a movable floor.
For simplicity, a simple undamped vibratory system driven by an externally applied force F 1 is considered. In the system, a mass m (in kg) fastened to a spring is constrained to move parallel to a spring and is displaced from its rest position under the influence of the force F 1 . A schematic diagram of the simple vibratory system consisting of the mass attached to one end of the spring of stiffness k (in N/m) and the other end of the spring connected to a movable floor is shown in Figure 2 . It is assumed that it is a lumped parameter system and a system of a single degree of freedom. Referring to Figure 2 , F 1 represents the applied harmonic force on the mass m, V1 represents the velocity corresponding to the point where F 1 is applied, F 2 represents the force applied at the spring, V 2 represents the velocity corresponding to the point where F 2 is applied at, F 3 represents the force applied by the spring to the floor, V 3 represents the velocity corresponding to the point where F 3 is applied. The general equations, governing the relationship between F 1 & F 2 and between F 2 & F 3 are therefore as follows:
Equations (4) and (5) can then be combined to form, ( ) = ( )( )( ) = ( ) ( ) (6) Substituting V 3 = VF 3 for floor mobility Y at point 3 into Equation (6),
Transmissibility is therefore given by:
Isolation efficiency I is then given by
It can be seen in Equations (8) and (9) that there is one additional term j mY, compared with Equations (1) and (2) . The additional term represents the effect of mobility of a movable floor. For a non-movable floor, the mobility Y is zero and Equations (8) and (9) are the same as Equations (1) and (2) . In reality, the floor is movable, otherwise no vibration will be transmitted and the floor mobility Y must be considered in the isolation efficiency.
Figure 2.
A schematic diagram of a simple vibratory system with a single contact point
Simple isolators with multiple contact points on a movable floor
Consider n simple vibration isolators (1,2...,n) with multiple contact points (1,2,...,n) on a movable floor. Referring to Figure 3a , F i is the applied dynamic force, F i ' is the dynamic force experienced at the i th point of the floor, V i is the
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velocity at the point where F i is applied and V i ' is the velocity at the i th point of the floor for i = 1,2..,n. The general equation describing the relationship between F i , V i and F' i , V' i for i = 1, 2....n, is ( ) = ( )( ) (10) where a i
are coefficients related to materials, dimension and shape of the isolators.
It must be noted here when each simple vibration isolator shown in Figure 3b is composed of a simple mass m i and a spring of stiffness k i , a i 11 , a i 12 , a i 21 and a i 22 are given by a i
Equation (10) can be decomposed into Equations (11) and (12):
The off diagonal elements in Equations (11) and (12) forces experienced at the four contact points are the same, i.e. F 1 ' = F 2 ' = F 3 ' = F' 4i . Similar to the definition of transmissibility for a single vibration isolator with single contact point, transmissibility can be given by:
where If Y ij = 0 for i,j = 1,2,3,4 (i.e. floor is non-movable), Equation (15) will then become the usual definition of transmissibility (i.e. Equation (1)). 
Isolation efficiency I is given by
I = 1 -T = 1 - = 1 - for i=1,2,3,4(16)F i ' F i 1 1 - 2 _ 2 n + j m(Y i ) F i ' F i
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Equation (1)). The solid line represents the transmissibility for a movable floor. It can be seen that there are large differences between the two transmissibility curves. The real transmissibility is larger than usually predicted when the ratio of forcing frequency and natural frequency f d /f n is greater than 2.7. The real transmissibility reaches a peak when f d /f n is near 3.7. In other words, real isolation efficiency is smaller than the usual isolation efficiency when fd/fn is greater than 2.7 and is lowest when fd/fn is near 3.7. The difference between the two estimates decreases as f d /f n increases. Therefore, if f d /f n is large, the effect of mobility Y can be ignored. 
Simple vibratory system with a single contact point placed on a simplysimply-simply-simply plate
Consider one contact point on a concrete plate (shown in Figure 6 ). The real and imaginary part of the mobility of the plate is given in Figure 7a (See Appendix A2). The physical parameters for the plate are: density = 2.8 10 3 kg/m 3 , Young's modulus E = 2.1 10 10 N/m 2 , loss factor = 0.5 10 -2 and Poisson's Ratio =0.2. The geometrical dimensions for the plate are: length 1 = width W = 3.5m and thickness d = 0.24m. If the mass m is 400 kg and the disturbing frequency f d is 50 Hz, the simple and real transmissibility curves for a single contact point on the plate are shown as in Figure 7b . It can be seen that two transmissibility curves are quite close to each other for f d /f n >3.3 (corresponding to isolation efficiency I > 90%). 
Simple vibratory systems with four symmetrical contact points placed symmetrically on a simply-simply-simply-simply plate
Consider a vibratory machine as in figure 8 where four symmetrical simple isolators, each consisting of a simple mass m and a spring of stiffness k, are placed symmetrically on a simply-simply-simply-simply plate. The same physical parameters and geometrical dimensions as in the previous case, are used. The mobility Y is shown in Figure 9a . If the mass m is 400 kg and the disturbing frequency f d is 50 Hz, the transmissibility curves are as shown in Figure 9b . The dotted line represents the transmissibility obtained from the usual engineering definition (i.e. Equation (1)) and the solid line represents the transmissibility derived in this paper. It can be seen that there are large differences between the two curves. Unlike the case of a single contact point on a plate, there are interactions among the four contact points. It can be seen that the real transmissibility is larger than the usual estimate when the ratio of forcing frequency and natural frequency f d /f n is greater than 2.6. The real transmissibility reaches a peak when f d /f n is near 3.5. In other words, real isolation efficiency is smaller than the usual isolation efficiency when f d /f n is greater than 2.6 and is lowest when f d /f n is near 3.5. In fact, it is commonly believed that f d /f n > 3 (T<13%) can be used for the selection of vibration isolators. However, Figure 9b shows that real transmissibility can be much higher than the usual estimates for f d /f n > 3, particularly for f d /f n =3.6. The usual transmissibility is only 8.3% but the real transmissibility is more than 70%. As in Figure 5b , the difference between the two values decreases as f d /f n increases.
If f d /f n is large, the effect of floor mobility Y of the plate can be ignored. For f d /f n around 3.5, the real transmissibility is much greater than the usual transmissibility. As a result, the real isolation efficiency using Equation (16) is much less than the usual isolation efficiency using Equation (2). This is possibly why the vibration isolators sometimes do not perform as well as predicted. In order to obtain a high degree of vibration isolation and take account of the effect of floor mobility on isolation efficiency, it is therefore necessary to measure the floor mobility at the contact points on the floor where the machine is to be installed.
CONCLUSIONS
The effect of floor mobility on the transmissibility and isolation efficiency of vibration isolators for HVAC equipment has been clarified theoretically. Three cases including a simple vibratory system with a single contact point on a clampedclamped beam, a simple vibratory system with a single contact point on an SSSS plate and a vibratory system with four contact points on an SSSS plate have been analysed. The first and third cases shown that the effective floor mobility increases the transmissibility and in turn decreases the isolation efficiency when f d /f n is greater than 2.7 for a beam and 2.6 for the case of four contact points on a plate. It has been shown that when the case of a single contact point on the plate is compared with the case of four contact points on the same plate, the effect of interactions among four contact points has influence on the "closeness" of the real transmissibility and usual transmissibility curves since it affects the floor mobility of the contact point on the plate. In general, the effective floor mobility is of importance in the selection of vibration isolators since it affects the isolation efficiency. The sound radiated from the floor and walls surrounding the plant room can possibly be reduced if effective floor mobility is considered in the selection of vibration isolators. Figure A1 .
APPENDIX A1
According to Euler-Bernoulii beam theory, the velocity response to a harmonic point-force with amplitude F 0 acting at y 0 can be expressed by differential equation 11 
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